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HIGHLIGHTS 


►  Ti02  nanotube  arrays  as  photoelectrode  in  DSCs. 

►  Organic  passivation  layer  for  Ti02  nanotube  arrays. 

►  Inorganic  passivation  layer  for  Ti02  nanotube  arrays. 

►  Power  conversion  efficiency  is  improved  by  passivation  layer. 
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Surface  passivation  of  photoelectrodes  is  widely  used  to  improve  the  performance  of  dye-sensitized  solar 
cells  (DSCs).  We  use  the  organic  and  inorganic  materials  as  a  surface-passivating  layer  of  photoelectrodes 
and  introduce  the  effect  of  surface  passivation  on  the  power  conversion  efficiency  of  DSCs.  Ti02  nanotube 
arrays  are  fabricated  by  anodic  oxidation  of  Ti  foil  for  photoelectrodes  of  DSCs.  Surface  passivating  layers 
are  conducted  by  immersing  photoelectrode  in  various  precursor  solutions.  MgO  and  WO3  are  selected 
for  inorganic  passivation.  PC61BM  is  used  for  organic  passivation.  In  case  of  inorganic  passivation,  a  basic 
material  (MgO)  which  has  a  high  isoelectric  point  (pi  >7)  shows  higher  power  conversion  efficiency  of 
2.63%  by  increasing  of  open  circuit  voltage  (I/oc)  to  0.74  V  than  bare  sample  of  2.55%.  But,  an  acidic 
material  (W03)  shifts  Voc  to  low  potential  resulting  in  a  worse  efficiency  of  DSCs.  In  case  of  organic 
passivation,  PC6iBM  enhances  photocurrents  and  decreases  \70C  value  compared  to  bare  sample.  The 
power  conversion  efficiency  of  PC6iBM-coated  DSCs  is  overall  improved  due  to  enhanced  photocurrents 
despite  of  l/0c  offset  to  low  potential.  Back-transfer  electron  blocking,  dye  adsorption,  Ti02  conduction 
band  shifting,  and  additional  charge  generation  by  surface  passivation  are  discussed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSCs)  have  a  great  potential  as 
alternative  photovoltaic  devices  for  silicon  or  CIGS  solar  cells  due  to 
their  low  cost  and  easy  fabrication  [1].  However,  relatively  low 
efficiency  (11.2%)  [2]  has  been  a  drawback  for  successful  commer¬ 
cialization  of  DSCs.  Ti02  nanoparticle  structure,  which  shows  the 
best  efficiency  for  DSCs,  has  a  disordered  structure  at  the  contact  of 
nanocrystalline  particles.  This  disordered  state  hinders  the  charge 
transport  by  diffusion  in  TiCb  films,  thus  limiting  further 
improvement  of  power  conversion  efficiency  of  DSCs  [3,4]. 


*  Corresponding  author.  Tel.:  +82  33  640  2483;  fax:  +82  33  642  2245. 
E-mail  address:  cwy@gwnu.ac.kr  (W.-Y.  Choi). 

0378-7753 /$  -  see  front  matter  ©  2012  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2012.05.060 


Several  nanostructures  such  as  nanotubes  [3,5—10],  nanorods 
[11],  nanowires  [12],  nanohemispheres  [13],  etc.  have  been  studied 
to  find  an  alternative  for  TiC^  nanoparticle  structure.  Recently, 
highly  ordered  TiCb  nanotube  arrays  have  received  a  great  attention 
due  to  their  one  dimensional  (1-D)  structure  and  low  charge 
recombination  [3-10,14].  In  TiC^-nanotube-based  DSCs  compared 
to  Ti02-nanoparticle-based  DSCs,  superior  power  conversion  effi¬ 
ciency  and  longer  electron  lifetime  have  been  reported  when  Ti02 
film  thickness  was  same  [6,7].  However,  the  optimized  efficiency 
for  Ti02-nanotube-based  DSCs  is  still  lower  than  that  of  TiC^- 
nanoparticle-based  DSCs.  More  efforts  and  trials  should  be 
concentrated  on  the  further  improvement  of  power  conversion 
efficiency  for  Ti02-nanotube-based  DSCs. 

Surface  passivation  of  Ti02  photoelectrodes  has  been  widely 
used  in  an  application  to  DSCs  not  only  to  minimize  charge  loss  at 
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the  interface  of  Ti02  film  and  liquid  electrolyte,  but  also  to  enhance 
dye  adsorption  [5,8,9,15-19].  High  band  gap  (Eg)  oxides  such  as 
MgO  [8,19],  SrTi03  [16,18],  ZnO  [5],  W03  [15],  etc.  were  selected  for 
surface-passivating  materials,  because  the  position  of  conduction 
band  for  surface-passivating  materials  should  be  higher  than  that  of 
Ti02  conduction  band.  Higher  position  of  conduction  band  for 
surface-passivating  materials  blocks  the  back- transfer  of  injected 
photoelectrons,  hence  reducing  charge  recombination  rate.  The 
thickness  of  surface-passivating  layers  was  controlled  to  optimized 
value.  When  the  thickness  of  surface-passivating  layers  is  too  thick, 
charge  injection  from  dye  molecules  to  Ti02  film  can  be  hindered 
and  photocurrent  is  reduced  [8].  The  concept  of  isoelectric  point 
[20]  was  used  to  select  surface-passivating  materials  and  to  inter¬ 
pret  the  effect  of  interlayer  between  Ti02  film  and  liquid  electrolyte 
[9,17,19].  Basic  coating  layers,  which  have  high  isoelectric  points 
(>7),  enhance  dye  adsorption  and  shift  Ti02  conduction  band  in  the 
negative  direction.  Enhanced  dye  adsorption  increases  charge 
injection  of  photoelectrons  and  the  shifting  of  Ti02  conduction 
band  in  the  negative  direction  improves  photovoltage,  which  is  the 
difference  of  energy  level  between  Ti02  conduction  band  and  liquid 
electrolyte.  On  the  other  hand,  acidic  coating  layers,  which  have 
low  isoelectric  point  (<7),  have  a  minor  effect  on  the  dye  adsorp¬ 
tion  or  shift  Ti02  conduction  band  in  the  positive  direction. 

In  this  work,  we  introduce  surface  passivation  with  organic  and 
inorganic  materials  to  improve  the  power  conversion  efficiency  of 
Ti02-nanotube-based  DSCs.  MgO  and  W03  were  selected  as  inor¬ 
ganic  surface-passivating  materials,  and  PC61BM  ((6,6)-phenyl  C60 
butyric  acid  methyl  ester)  was  selected  as  an  organic  surface- 
passivating  material.  MgO  is  a  typical  basic  oxide  which  has  high 
isoelectric  point  (~12.4),  and,  on  the  other  hand,  WO3  has  low 
isoelectric  point  (~0.5,  typical  acidic  oxide)  [20].  PC61BM  is  an  n- 
type  organic  semiconductor  which  is  widely  used  in  P3HT/PC6iBM 
bulk  heterojunction  photovoltaic  devices  [21,22].  PC61BM  has 
a  higher  LUMO  energy  level  (3.7  eV)  compared  to  the  position  of 
Ti02  conduction  band  (4.4  eV).  It  was  expected  that  back  transfer  of 
injected  electrons  could  be  prohibited  by  PC61BM  interlayer.  The 
effect  of  these  surface-passivating  materials  was  evaluated  in  Ti02- 
nanotube-based  DSCs. 

2.  Experimental 

Ti02  nanotube  arrays  were  fabricated  by  anodic  oxidation  of 
0.5  mm  thick  Ti  foil  (99%,  Alfar  Aesar)  in  ethylene  glycol  solution 
containing  0.3  wt%  NH4F  and  2  vol%  H20.  A  constant  potential  60  V 
with  a  ramping  speed  of  1  V  s-1  was  applied  between  an  anode  and 
a  cathode.  Pt  metal  was  used  as  a  counter  electrode.  Before  anod¬ 
ization  process,  Ti  foils  were  successively  sonicated  with  acetone, 
ethanol,  and  DI  water  to  remove  the  residue  on  the  surface  of  Ti 
foils.  As-anodized  Ti02  nanotube  arrays  were  rinsed  with  DI  water 
and  annealed  at  500  °C  for  1  h.  The  pore  size,  wall  thickness,  and 
length  of  Ti02  nanotube  arrays  were  determined  by  field  emission 
scanning  electron  microscopy  (FESEM,  Philips  XL  30SFEG). 
Annealed  Ti02  nanotube  arrays  were  analyzed  by  XRD  (X-Ray 
Diffractometry,  Rigaku  D/MAX-RC,  Cu  Ka  radiation)  to  confirm  the 
crystallization  of  them. 

Surface  passivation  of  annealed  Ti02  nanotube  arrays  with  MgO, 
W03,  and  PC61BM  was  done  by  using  Mg(CH3C00)2-4H20 
(magnesium  acetate  pentahydrate,  99%,  Junsei  Chemical  Co.,  Ltd.), 
(NH4)ioW1204r5H20  (ammonium  tungstate  para  pentahydrate, 
GR,  Wako  Pure  Chemical  Industries,  Ltd.),  and  PC61BM  powders 
(99.5%,  Nano-C,  Inc.)  as  precursors,  respectively.  Samples  for  MgO 
and  W03  coating  were  immersed  in  aqueous  solution  by  control¬ 
ling  the  concentration  of  each  precursor  at  65  °C  for  30  min.  These 
samples  were  rinsed  with  DI  water  and  annealed  at  500  °C  for 
30  min  to  crystallize  hydrous  MgO  and  WO3.  Samples  for  PC61BM 


coating  were  immersed  in  PC6iBM-dissolved  dichloromethane 
solution  at  room  temperature.  These  samples  were  rinsed  with 
dichloromethane  after  immersion  process. 

Ti02-nanotube-photoelectrodes  with  and  without  surface- 
passivating  layers  were  immersed  at  room  temperature  for  - 1  d 
in  an  ethanol  solution  containing  3  x  10~4  M  cis- 
bis(isothiocyanato)bis(2,  2/bipyridyl-4,4/dicarboxylato)  ruthenium 
(II)  bis-tetrabutylammonium  (N719)  dye.  The  dye-adsorbed  pho¬ 
toelectrodes  were  rinsed  with  ethanol  solution  and  were  dried  at 
room  temperature.  Pt  coated  FTO  glasses  as  counter  electrodes 
were  prepared  by  spin  coating  0.7  mM  H2PtCl6  solution  in  2- 
propanol  at  500  rpm  for  10  s  and  subsequently  annealing  at 
380  °C  for  30  min.  Dye-adsorbed  photoelectrodes  and  Pt  coated 
FTO  glasses  were  spaced  by  using  60  pm  surlyn  film  purchased 
from  DuPont  Co.,  Ltd.  The  liquid  electrolyte  was  prepared  by  dis¬ 
solving  0.6  M  1 -hexyl-2, 3-dimethylimidazolium  iodide  (C6DMIm), 
0.05  M  iodine,  0.1  M  lithium  iodide  and  0.5  M  4-tert-butylpyridine 
in  3-methoxyacetonitrile.  The  J—V  characteristics  were  measured 
under  AM  1.5  G  illumination  (Keithley  Model  2400  source  measure 
unit).  A  1000  W  Xenon  lamp  (Oriel,  91193)  was  used  as  a  light 
source.  Electrochemical  impedance  spectroscopy  (EIS)  and  V0c 
decay  behavior  were  measured  by  using  VMP3  (Bio-Logic  SAS).  EIS 
measurement,  in  the  frequency  range  swept  from  100  kHz  to 
100  mHz,  was  conducted  at  V0c  condition  under  illumination. 

3.  Results  and  discussion 

3.1.  Ti02  nanotube  arrays  fabricated  by  anodic  oxidation 

Highly  ordered  and  robust  Ti02  nanotube  arrays  from  Ti  foil  were 
obtained  by  anodic  oxidation  of  Ti  foil.  Fig.  1  shows  FESEM  images  of 
Ti02  nanotube  arrays  fabricated  by  anodic  oxidation  in  ethylene 
glycol  solution  containing  0.3  wt%  NH4F  and  2  vol%  H20.  Fig.  la 
shows  ~  15  pm-thickTi02  nano  tube  arrays.  Fig.  lb  shows  the  bottom 
image  of  Ti02  nanotube  arrays  and  Ti02  nanotubes  are  hexagonally 
close-packed  together.  Their  pore  size,  tube  diameter,  and  wall 
thickness  were  ~60  nm,  ~120  nm,  and  ~30  nm,  respectively. 

Ti02  typically  has  various  phases  with  fabrication  methods. 
Anatase  has  been  reported  as  the  best  phase  for  photoelectrodes  of 
DSCs.  To  obtain  the  anatase  Ti02  nanotube  arrays,  as-anodized  Ti02 
nanotube  arrays  were  annealed.  Fig.  2  shows  X-ray  diffraction 
(XRD)  spectrum  and  FETEM  image  of  Ti02  nanotube  arrays  on  Ti  foil 
annealed  at  500  °C  for  1  h.  Anatase  peaks  were  shown  together 
with  Ti  peaks  in  Fig.  2a.  Lattice  parameters  measured  by  FETEM 
spots  of  Fig.  2b  were  well  matched  with  anatase  structure.  These 
results  revealed  that  amorphous  as-anodized  Ti02  nanotube  arrays 
were  successfully  crystallized  into  the  anatase  phase  by  annealing 
at  500  °C. 

3.2.  Inorganic  surface  passivation  of  Ti02  nanotube  arrays  for  DSCs 

Fig.  3  shows  J—V  characteristic  curves  of  DSCs  which  used 
surface-passivated  Ti02  nanotube  arrays  with  inorganic  materials 
(0.02  M  MgO,  0.00001  M  W03)  as  photoelectrodes.  At  each  film 
thickness,  the  data  showed  similar  behaviors.  Photocurrents  were 
scarcely  changed  by  surface  passivation.  However,  open  circuit 
voltages  (Vqc)  were  shifted  positively  or  negatively  by  surface- 
passivating  materials.  MgO-coated  solar  cell  shifted  open  circuit 
voltage  to  positive  potential.  On  the  other  hand,  \VO3-coated  one 
shifted  to  negative  potential. 

These  results  are  closely  related  to  the  shift  of  Ti02  conduction 
band  by  surface  passivation.  It  is  well  known  that,  in  DSCs,  the  open 
circuit  voltage  is  a  difference  of  energy  level  between  Ti02 
conduction  band  and  liquid  electrolyte.  Surface  passivation  of  Ti02 
nanotube  arrays  with  a  basic  material  such  as  MgO  shifts  Ti02 
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Fig.  1.  FESEM  images  of  Ti02  nanotube  arrays  obtained  by  anodic  oxidation  of  Ti  foil  at 
a  constant  potential  60  V  in  ethylene  glycol  solution  containing  0.3  wt%  NH4F  and  2  vol 
%  H20  at  30  °C  for  1  h:  (a)  cross-sectional  image  of  Ti02  nanotube  arrays;  (b)  bottom- 
image  of  Ti02  nanotube  arrays. 


conduction  band  to  negative  direction  in  DSCs.  The  difference  of 
isoelectric  point  of  Ti02  and  MgO  leads  to  the  difference  of  surface 
charge  resulting  in  the  formation  of  a  dipole  layer  on  the  surface  of 
photoelectrodes.  The  formation  of  a  dipole  layer  shrinks  the  Fermi 
level  to  the  positive  direction  due  to  the  positive  charge  of  MgO 
coating  layer.  At  equilibrium,  Ti02  conduction  band  is  shifted  to 
negative  direction  by  MgO  coating  layer.  Shift  of  Ti02  conduction 
band  to  negative  direction  increases  the  difference  of  energy  level 
between  Ti02  conduction  band  and  liquid  electrolyte  resulting  in 
higher  open  circuit  voltage.  However,  compared  to  the  MgO 
coating,  WO3  coating  has  an  opposite  effect  on  the  shift  of  Ti02 
conduction  band.  Ti02  conduction  band  is  positively  shifted  by  WO3 
coating  in  DSCs.  Therefore,  the  open  circuit  voltages  of  W03-coated 
samples  were  shifted  to  negative  potential. 

When  the  thickness  of  Ti02  nanotube  arrays  was  changed  from 
15  pm  to  20  pm,  photocurrents  were  increased  and  open  circuit 
voltages  were  decreased.  Photocurrents  were  increased  due  to  the 
improvement  of  dye-adsorption  in  longer  Ti02  nanotube  arrays. 
However,  the  decreased  open  circuit  voltages  were  due  to  more 
chances  of  charge  recombination.  In  the  earlier  report  [9],  the 
surface  passivation  of  photoelectrode  in  DSCs  with  5  pm-thick  Ti02 
nanotube  arrays  was  studied  and  dye-adsorption  was  greatly 
affected  by  surface-passivating  materials.  Basic  materials  such  as 
MgO  and  ZnO  enhanced  dye-adsorption  and  its  photocurrent  is 
higher  than  an  acidic  material  such  as  WO3.  These  higher  photo¬ 
current  and  open  circuit  voltage  by  basic  material  coating  improved 
the  power  conversion  efficiency  of  DSCs.  However,  when  the  length 
of  Ti02  nano  tube  arrays  was  increased  over  15  pm,  the  effect  of 
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Fig.  2.  X-ray  diffraction  pattern  and  FETEM  images  of  annealed  Ti02  nanotube  arrays  at 
500  °C  for  1  h:  (a)  XRD  pattern;  (b)  FETEM  images  (inset:  a  magnified  image  of  part  A). 

surface  passivation  on  photocurrent  was  attenuated  and  the 
thickness  of  Ti02  nanotube  arrays  mainly  affected  the  photocurrent. 
The  power  conversion  efficiency  is  dependent  on  photocurrent  and 
open  circuit  voltage.  The  photocurrent  and  open  circuit  voltage 
with  thickness  of  TiC^  nanotube  arrays  were  increased  and 
decreased,  respectively.  These  two  factors  competitively  act  on  the 
power  conversion  efficiency.  As  shown  in  Table  1,  higher  power 


Fig.  3.  J—V  characteristic  curves  of  DSCs  based  on  bare,  0.02  M  MgO-coated,  and 
0.00001  M  W03-coated  Ti02  nanotube  arrays. 
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Table  1 

J—V  characteristic  values  of  DSCs  based  on  bare,  MgO-coated,  and  W03-coated  Ti02 
nanotube  arrays. 


Film  thickness 

;sc  (mA/cm2) 

Voc  (V) 

Fill  factor 

Efficiency  (%) 

Bare 

15  |im 

6.11 

0.70 

0.60 

2.55 

MgO 

15  |im 

5.99 

0.74 

0.59 

2.63 

W03 

15  |im 

6.31 

0.66 

0.55 

2.31 

Bare 

20  |im 

7.40 

0.59 

0.47 

2.05 

MgO 

20  |im 

7.13 

0.63 

0.53 

2.38 

W03 

20  |im 

7.84 

0.55 

0.44 

1.89 

conversion  efficiency  of  2.63%  in  15  pm-thick  Ti02  nanotube  arrays 
was  observed  than  2.38%  in  20  pm-thick  Ti02  nanotube  arrays.  In 
case  of  15  pm-thick  Ti02  nanotube  arrays,  increasing  of  open  circuit 
voltage  is  more  effective  on  the  power  conversion  efficiency  of  DSCs 
than  decreasing  of  photocurrent  by  dye-adsorption. 

Voc  decay  measurements  [3,23,24]  of  DSCs  based  on  bare,  MgO- 
coated  and  \VO3-coated  nanotube  arrays  can  be  shown  in  Fig.  4. 
Fig.  4a  shows  raw  data  of  V0c  decay  measurements  and  Fig.  4b  gives 
normalized  Voc  decay  measurements.  In  Fig.  4b,  open  circuit  volt¬ 
ages  of  MgO-coated  and  \VO3-coated  samples  decayed  more  slowly 
than  bare  samples.  From  this  result,  it  is  considered  that  MgO  and 
WO3  layer  have  a  blocking  effect  for  charge  recombination. 
However,  in  this  study,  the  blocking  effect  of  MgO  and  WO3  layer 
had  little  influence  on  the  improvement  of  DSCs. 

Stability  tests  of  MgO-coated  and  \VO3-coated  samples  need  to 
be  checked  because  coating  layers  can  be  etched  by  N719  dye 
molecules.  It  was  reported  that  ZnO  is  etched  by  N719  dye 


Fig.  4.  Voc  decay  measurements  of  DSCs  based  on  bare,  MgO-coated,  W03-coated  Ti02 
nanotube  arrays:  (a)  raw  data  of  Voc  decay  measurements:  (b)  normalized  Voc  decay 
measurements. 


molecules  resulting  in  deterioration  of  DSCs  [25].  Although  Dia- 
mant  et  al.  said  that  basic  coating  layers  shift  conduction  band  in 
negative  direction  [26],  a  direct  proof  that  present  conduction  band 
shift  by  coating  layers  was  not  shown  in  this  study.  Stability  tests  of 
DSCs  and  extensive  studies  on  band  shift  by  coating  layers  are 
planned  as  future  works. 

3.3.  Surface  passivation  of  Ti02  nanotube  arrays  with  an  organic 
material  (PC61BM)  and  application  to  DSCs 

Fig.  5  shows  FETEM  image  of  PC6iBM-coated  TiCh  nanotube 
arrays  with  an  inset  image  of  low  magnification.  Organic  interlayer 
of  PC61BM  was  conformally  coated  over  steep  topography  of  Ti02 
nanotube  having  3D  geometries  and  high-aspect  ratio  (HAR)  and 
3  nm-thick  PC61BM  interlayer  was  found  on  inner  wall  and  outer 
wall  of  Ti02  nanotubes. 

Fig.  6  shows  J—V  characteristic  curves  of  DSCs  based  on  bare  and 
PC6iBM-coated  Ti02  nanotube  arrays.  Photocurrents  of  PC61BM- 
coated  samples  were  enhanced.  On  the  other  hand,  open  circuit 
voltages  were  decreased  by  PC61BM  coating.  When  the  PC61BM 
concentration  was  increased  up  to  2  mg  ml-1,  the  effect  of  effi¬ 
ciency  improvement  was  very  weak.  As  shown  in  Table  2,  when  the 
PC61BM  concentration  was  3  mg  ml-1,  optimum  efficiency  of  2.27% 
could  be  obtained  by  overcoming  V0c  offset  to  negative  potential. 

It  is  considered  that  photocurrents  of  PC6iBM-coated  samples 
were  increased  due  to  the  double  excitation  of  photoelectrons  from 
both  dye-molecules  and  PC61BM  interlayer  [27].  Band  gap  of 
PC61BM  is  ~2.4  eV  and  energy  band  of  TiC^  nanotube/PC6iBM 
interlayer/dye  has  a  step-like  structure.  Therefore,  while  most 
photoelectrons  are  being  generated  from  dye-molecules,  PC61BM 
interlayer  can  help  charge  generation  mainly  in  the  regime  of  short 
wavelength.  It  seems  that  low  Voc  values  of  PC6iBM-coated  samples 
are  due  to  the  strong  acidity  of  PC61BM.  It  was  reported  that 
a  fullerene  derivative  called  PC61BM  has  a  low  isoelectric  point 
below  1  [28,29].  As  mentioned  before,  V0c  can  be  shifted  positively 
or  negatively  according  to  the  isoelectric  point  of  surface- 
passivating  materials  in  DSCs.  Low  isoelectric  point  of  PC61BM 
shifts  Ti02  conduction  band  to  positive  direction  and  gives  lower 
Voc  value  compared  to  bare  samples.  This  result  exactly  coincides 
with  the  former  case  of  WO3  coating. 


Fig.  5.  FETEM  image  of  PC6iBM-coated  Ti02  nanotube  arrays  (inset:  a  low  magnified 
image). 
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Fig.  6.  J—V  characteristic  curves  of  DSCs  based  on  bare  and  PC6iBM-coated  Ti02 
nanotube  arrays. 

Fig.  7  gives  V0c  decay  results  of  DSCs  based  on  bare  and  PC6iBM- 
coated  Ti02  nanotube  arrays.  Fig.  7a  is  raw  data  of  V0c  decay 
measurements  and  Fig.  7b  is  normalized  V0c  decay  measurements.  It 
could  be  found  that  these  results  were  very  similar  to  the  behavior 
of  Fig.  4.  Voc  decay  of  PC6iBM-coated  samples  was  slower  than  bare 
samples.  This  means  that  an  electron  lifetime  in  PC6iBM-coated 
samples  is  longer  than  that  in  bare  samples.  From  V0c  decay  results, 
we  could  conclude  that  PC61BM  interlayer  also  had  a  blocking  effect 
which  retards  back- transfer  of  injected  photoelectrons. 

PC61BM  interlayer  enhanced  charge  injection  into  Ti02  films  and 
had  a  blocking  effect  for  charge  recombination  although  V0c  values 
were  slightly  decreased.  Increased  photocurrents  by  PC61BM 
interlayer  overcame  V0c  offset  to  negative  potential  and  improved 
the  power  conversion  efficiency  of  DSCs.  It  has  been  reported  that 
blocking  back-transfer  of  photoelectrons  not  only  reduces  charge 
recombination  between  Ti02  films  and  liquid  electrolyte  but  also 
improves  Voc  [8,19].  Flowever,  Voc  was  decreased  by  PC61BM  inter¬ 
layer  despite  of  its  blocking  effect.  In  case  of  PC61BM  coating,  the 
effect  of  isoelectric  point  was  more  dominant  than  that  of  blocking 
effect. 

3.4.  Effects  of  surface  passivation  of  photoelectrodes  in  DSCs 

There  are  several  roles  of  surface-passivating  layer  in  DSCs. 
Firstly,  surface-passivating  layer  reduces  charge  recombination 
between  Ti02  films  and  liquid  electrolyte  [5,8,15,19].  Electrons  in 
Ti02  films  usually  resides  at  surface  trap  states  [30].  Charge 
recombination  mainly  occurs  at  the  surface  trap  states  by  reacting 
with  I3  in  liquid  electrolyte.  Surface-passivating  layer,  which  has 
higher  energy  level  of  conduction  band  or  LUMO  than  that  of  Ti02 
conduction  band,  blocks  the  path  for  charge  recombination.  It  was 


Table  2 

J—V  characteristic  values  of  DSCs  based  on  bare  and  PC6iBM-coated  Ti02  nanotube 
arrays. 


Film 

thickness 

Jsc 

(mA/cm2) 

Voc  (V) 

Fill 

factor 

Efficiency 

(%) 

Bare 

20  |im 

7.40 

0.59 

0.47 

2.05 

PC6iBM  coating 
(1  mg  ml-1) 

20  |im 

8.18 

0.52 

0.48 

2.07 

PC6iBM  coating 
(2  mg  mr1) 

20  |im 

8.07 

0.52 

0.49 

2.08 

PC6iBM  coating 
(3  mg  ml1) 

20  |im 

8.36 

0.53 

0.51 

2.27 

Fig.  7.  Vqc  decay  measurements  of  DSCs  based  on  bare  and  PC6iBM-coated  Ti02 
nanotube  arrays:  (a)  raw  data  of  Voc  decay  measurements;  (b)  normalized  Voc  decay 
measurements. 


also  reported  that  surface  trap  sites  in  Ti02  films  were  decreased  by 
surface-passivating  layer  [15].  Secondly,  surface  passivation  of 
photoelectrodes  is  closely  related  to  dye  adsorption  by  introducing 
the  concept  of  isoelectric  point  [8,9,16,18,19].  If  surface-passivating 
materials  have  a  higher  isoelectric  point  (pi  >7)  than  Ti02,  the 
surface  of  photoelectrodes  is  positively  charged  during  immersion 
process  in  N719  ethanol  solution.  Positively  charged  surface 
enhances  dye-adsorption  due  to  the  attraction  between  negatively 
charged  dye  molecules  and  the  surface  of  Ti02  nanotube  photo¬ 
electrodes.  However,  surface  passivation  of  photoelectrodes  with 
acidic  materials  (pi  <7)  can  give  a  deteriorated  effect  on  the  dye 
adsorption.  Dye  adsorption  can  also  be  improved  due  to  the 
increase  of  surface  area  of  photoelectrodes  by  surface-passivating 
layer.  Thirdly,  Ti02  conduction  band,  as  shown  in  Fig.  8,  can  be 
shifted  to  positive  or  negative  direction  by  surface-passivating  layer 
[16,26].  The  band  shift  of  photoelectrodes  is  due  to  the  formation  of 
surface  dipole  layer  at  the  interface  resulting  from  differences 
between  Ti02  and  surface-passivating  materials  with  respect  to 
their  acidity  or  electron  affinity  [26].  Surface  passivation  with  basic 
materials  shifts  Ti02  conduction  band  to  negative  direction.  On  the 
other  hand,  acidic  materials  shifts  Ti02  conduction  band  to  positive 
direction.  Therefore,  it  is  expected  that  higher  V0c  can  be  obtained 
by  surface  passivation  of  photoelectrodes  with  basic  materials. 
Finally,  if  surface-passivating  materials  have  a  low  band  gap  similar 
to  dye-molecules  and  energy  band  of  Ti02/surface-passivating 
layer/dye  has  a  step-like  structure,  surface-passivating  interlayer 
can  help  charge  generation  enhancing  photocurrents  of  DSCs.  All 
these  effects  cannot  be  obtained  all  the  time.  The  power  conversion 
efficiency  depends  on  which  effects  are  dominant. 
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Fig.  8.  Schematic  diagram  of  Ti02  conduction  band  shift  with  surface-passivating 
layers. 


4.  Conclusion 

Surface  passivation  of  Ti02  nanotube  arrays  with  organic  and 
inorganic  materials  was  introduced  to  improve  the  power  conver¬ 
sion  efficiency  of  DSCs.  Open  circuit  voltage  was  affected  by  acidity 
of  surface-passivating  materials.  When  the  isoelectric  point  of 
surface-passivating  materials  was  higher  than  7,  Ti02  conduction 
band  was  shifted  to  negative  direction  resulting  in  increased  V0c-  On 
the  other  hand,  when  the  photoelectrodes  were  coated  by  acidic 
materials,  open  circuit  voltages  were  decreased.  In  case  of  inorganic 
coating  such  as  MgO  and  WO3,  V0c  shift  by  surface-passivating 
materials  gave  a  direct  influence  on  the  performance  of  DSCs. 
Photocurrents  were  scarcely  changed  by  surface  passivation  of 
inorganic  materials.  However,  when  photoelectrodes  were  coated 
with  a  fullerene  derivative  called  PC61BM,  photocurrents  were 
enhanced  although  Voc  was  slightly  decreased.  It  was  concluded 
that  increased  photocurrents  by  PC61BM  coating  was  due  to  the 
double  excitation  of  photoelectrons  from  both  dye  molecules  and 
PC61BM  interlayer,  and  Voc  shift  by  PC61BM  coating  to  negative 
potential  was  due  to  the  low  isoelectric  point  (pi  <l)ofPC6iBM.  It  is 
expected  that  further  improvement  would  be  fulfilled  by  finding 
surface-passivating  materials  which  have  a  similar  position  of 
energy  band  with  PC61BM  and  also  have  a  high  isoelectric  point  (pi 
>7).  Stability  tests  of  surface-passivated  samples  and  extensive 
studies  on  band  shift  by  coating  layers  are  planned  as  future  works. 
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